Autophagy is an important membrane transport pathway that is conserved among eukaryotic cells. Although first described as an intracellular catabolic pathway used to break down self-components, autophagy has been found to play an important role in the elimination of intracellular pathogens. A variety of host mechanisms exist for recognizing and targeting intracellular bacteria to autophagosomes. Several intracellular bacteria have evolved ways to manipulate, inhibit, or avoid autophagy in order to survive in the cell. Thus, the autophagy pathway can be viewed as an evolutionarily conserved host response to infection.
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Cellular autophagy
Macroautophagy (hereafter autophagy) is an intracellular degradative process that is highly conserved from yeast to mammals. It involves the formation of double membrane vesicles that sequester cytosolic cargo and transport them to the lysosome for degradation. A basal level of autophagy occurs in most cell types in order to maintain cellular homeostasis through the breakdown of proteins and organelles. This is important for cell survival, especially during periods of limited nutrients [1, 2] . In this process, an isolation membrane forms and expands, which requires the activity of a complex of the autophagy proteins Atg5, Atg12, and Atg16 [3] . This protein complex also promotes the lipidation of Atg8, which is needed for the eventual complete maturation of the autophagosome. After the isolation membrane expands around a cytoplasmic target it fuses upon itself to form the double membrane autophagosome [4] . These autophagosomes then traffic along the endocytic pathway to eventually fuse with lysosomes so that the cargo can be degraded [5] . In addition to breaking down self-components, autophagy has been demonstrated to be an important cell-autonomous defense mechanism against intracellular bacteria [6] . As a result, bacteria have evolved a variety of mechanisms to manipulate autophagy to counteract this immune response. This highlights the importance of autophagy as an ancient, cell-autonomous, innate immune response.
Autophagy as a defense mechanism against intracellular bacteria The process of autophagic elimination of intracellular pathogens has been termed xenophagy [7] . In this process, intracellular bacteria are targeted to autophagosomal membranes and engulfed into the autophagosome, then delivered to the lysosome for degradation. In this manner, autophagy is able to restrict the intracellular replication of certain bacteria as in the case of group A streptococcus (GAS). GAS is typically an extracellular bacterium, but when internalized into endosomes these bacteria are able to invade the cytosol of the host cell by secreting the poreforming toxin streptolysin O [8] . The cytosolic GAS are then captured into large membrane-bound organelles that stain positive for microtubule-associated protein 1 light chain 3 (LC3, a mammalian homologue of Atg8), which is a protein attached to autophagosome membranes that plays an important role in formation of the compartments. Eventually, approximately 80% of the intracellular GAS are contained within autophagosomes. By contrast, autophagy-deficient cells contained no GAS within autophagosomes. The small GTPases Rab5 and Rab7 are involved throughout these steps of bacterial invasion, endosome maturation, and autophagosome formation [9, 10] . In examining the fate of these bacteria, it was observed that these GAS-containing autophagosomes eventually fuse with lysosomes. By comparing bacterial viability in wild type (WT) and autophagy-deficient host cells, it was demonstrated that autophagy contributes to the killing of most intracellular GAS and prevents GAS replication [8] . Upon entry into the host cytosol, the bacteria Salmonella enterica [11] , Listeria monocytogenes [12, 13] , and Francisella tularensis [14] have also been shown to be targeted by autophagy.
Autophagy has been demonstrated to be an important defense mechanism used to limit infection by Mycobacterium tuberculosis. Earlier work demonstrated that stimulation of autophagy in macrophages resulted in more effective killing of Mycobacterium in vitro [15] . More recent data suggests that autophagy is important in controlling infection in vivo as well. A conditional knockout of Atg5 that eliminated the autophagy pathway in monocytes resulted in mice that were killed faster than WT mice by Mycobacterium and displayed more severe tissue necrosis and lung pathology [16] . These phenotypes appear to be attributed to not only higher bacterial loads in the animals, but also a greater proinflammatory response by the autophagy-deficient macrophages. Thus, autophagy in vivo is important in both bacterial clearance as well as prevention of host-inflicted tissue destruction. These studies highlight the importance of autophagy as a cellautonomous, innate immune defense mechanism to intracellular bacteria.
Mechanisms for bacterial targeting to autophagosomes
In order for xenophagy to be an effective defense mechanism against intracellular bacteria, the cell has several mechanisms to recognize and target these bacteria to autophagosomes, one of which is ubiquitination. One of the mechanisms that contribute to ubiquitination of bacteria involves the E3 ligase leucine-rich repeat and sterile alpha motif containing 1 (LRSAM1), which localizes to the bacteria through its leucine-rich repeat (LRR) domain [17] . It then promotes ubiquitination in a process that requires its RING domain. Targeting of the ubiquitinated bacteria to autophagosomes then involves adaptor proteins that are able to interact with both LC3 [18] [19] [20] and ubiquitin [21] . These adapter proteins link ubiquitinated cargo to forming autophagosomes. The host protein p62 along with other SLRs (sequestosome 1/p62-like receptors) have been reported to be important in the targeting of intracellular bacteria to autophagosomes, and can be considered as a specialized category of pattern recognition receptors (PRRs).
The protein p62 has been demonstrated to be important for the clearance of Listeria and Salmonella species by autophagy [22, 23] . Listeria is a Gram-positive bacterium that escapes from its phagosome into the cytosol using the pore-forming toxin listeriolysin O, where it is able to replicate proficiently [24] . Once in the cytosol, Listeria uses a surface protein called ActA to recruit the host Arp2/3 complex and polymerize actin filaments for motility inside of the cell [25] . However, actA mutants of Listeria that are unable to recruit the Arp2/3 complex are targeted for host ubiquitination, which results in the binding of p62 [22] (Figure 1 ). LC3 recruitment follows and these mutant bacteria are then eliminated by autophagy as their replication is reduced in WT mouse embryonic fibroblasts (MEFs) compared with autophagy-deficient MEFs [22] .
Nuclear dot protein 52 kDa (NDP52) and optineurin (OPTN) are two other SLRs that have been demonstrated to assist in autophagic targeting of bacteria [26, 27] . Both these SLRs appear to work in conjunction with p62 in the clearance of ubiquitinated Salmonella [26, 27] . Why multiple adaptors exist for targeting Salmonella to autophagy is unclear. Perhaps bacteria have evolved mechanisms to inhibit the function of one or more of these adaptors and the cell has evolved these redundant SLRs in response. Alternatively, these different adaptors may have distinct functions based on their differential localization to Salmonella. Whereas OPTN and NDP52 seem to colocalize to the same areas on Salmonella [27] , it was observed that NDP52 and p62 are recruited to different microdomains of Salmonella and do not colocalize with each other [28] . This suggests a differential spatial ubiquitination on the surface of Salmonella, perhaps indicating that p62 and NDP52 have different targets and serve nonredundant functions. This is evidenced by the observation that NDP52 is distinct from p62 in its ability to directly interact with LC3C (other autophagy studies commonly use LC3B), which is critical in control of Salmonella by autophagy [29] . In addition, OPTN is unique in that it requires phosphorylation by TRAF family member-associated NF-kb activator (TANK) binding kinase 1 for optimal clearance of Salmonella [27] . This may suggest that several distinct targeting steps are required for targeting of bacteria to autophagosomes to ensure that the appropriate cargo is eliminated by autophagy.
Direct recognition by the autophagic machinery of bacteria is another mechanism that cells can use to target Figure 1 . Mechanisms for recognition of intracellular bacteria by autophagy. Listeria monocytogenes actA mutants (left) that are unable to bind to the host proteins Arp2/3 become ubiquitinated. This recruits p62 to the ubiquitinated Listeria through its ubiquitin-binding domain. The p62 also binds to microtubule-associated protein 1 light chain 3 (LC3) on the surface of forming autophagosome membranes, thus targeting Listeria to be captured in the autophagosome where it will be eliminated after lysosomal fusion. Shigella flexneri (right) can be recognized immediately upon entry into the cell by Nod2 localized on the cytoplasmic side of the plasma membrane. Nod2 then recruits Atg16 to this site, targeting Shigella to the forming autophagosome. 9 bacteria to autophagosomes. Shigella flexneri is a Gramnegative bacterium that also escapes from the phagosome into the cytosol of the host cell. During Shigella infection, Atg5 is able to recognize and bind to the Shigella protein IcsA [30] . This appears to facilitate the recruitment of Shigella to expanding phagophores through the protein tectonin beta-propeller repeat-containing 1 (TECPR1), which binds to Atg5 and Atg18 bound to phosphatidylinositol 3-phosphate [PI(3)P] on phagophore membranes [31] . As such, Shigella replicates more efficiently in Atg5-deficient [30] and TECPR1-deficient [31] cells compared to WT cells. Furthermore, Shigella targeted to these autophagosomes are trapped in septin cage-like structures, restricting their mobility to prevent escape [32] .
Opinion
A form of noncanonical autophagy has also been described in macrophages [33] . This process involves the direct recruitment of LC3 to the phagosome by a process that requires phagocytosis of cargo displaying Toll-like receptor (TLR) ligands. Phagosomes that recruit LC3 show enhanced rates of acidification and fusion with lysosomes [33] . Thus, this noncanonical autophagy pathway rapidly transports bacteria to lysosomes, and provides further evidence that autophagy has been co-opted by the innate immune system to defend against bacteria.
Finally, bacteria also appear to be targeted for autophagy through signaling pathways mediated by classical PRRs. Nod1 and Nod2 are members of the nucleotidebinding oligomerization domain (NOD)-like receptor (NLR) family of cytosolic PRRs [34] , and detect bacterial entry into the cytosol by sensing fragments of peptidoglycan [35] . During Shigella infection, Nod1 and Nod2 are recruited to the plasma membrane at the site of bacterial entry [36] . Nod1 and Nod2 then recruit Atg16L1 to this site ( Figure 1 ). Signaling by this complex then promotes the capture of the bacterium in an autophagosome after entry. Furthermore, stimulation of Nod 1 or Nod2 results in higher levels of autophagy [36, 37] . Thus, it is clear that a variety of cellular mechanisms have evolved to detect and target invading bacteria for autophagic destruction, highlighting the importance of autophagy as an innate immune defense against intracellular bacteria.
Bacterial evasion of autophagy
Because it has been demonstrated that autophagy is capable of eliminating intracellular bacteria, successful intracellular bacterial pathogens must have evolved mechanisms to avoid autophagic degradation. There have been several reported examples of bacteria that manage to escape autophagy. The common theme among these different bacteria is a strategy of avoiding autophagic detection mechanisms outlined in the previous section.
As mentioned previously, Atg5 and Tecpr1 are instrumental in the targeting of Shigella to autophagosomes by binding to the Shigella effector protein IcsA, a protein required for actin-based motility. However, Shigella manages to avoid this recognition by secreting the effector protein IcsB that competitively binds to IcsA, reducing Atg5 binding and Tecpr1 recruitment [30, 31] (Figure 2A ). This results in the inability of the cell to target Shigella to autophagosomes. As such, icsB mutants traffic to LC3-positive compartments and do not replicate as well as WT Shigella. Shigella encodes another effector protein, VirA, which is important for autophagy evasion. VirA functions as a GTPase activating protein that inactivates the host protein Rab1 [38] (Figure 2A ). Rab1 function has been linked to autophagosome formation [39] , which might explain how inactivation of Rab1 by VirA results in less recruitment of LC3-positive membranes to Shigella [38] . Thus, Shigella has multiple mechanisms for autophagy evasion.
Listeria can be targeted for autophagic elimination through ubiquitination and recruitment of the adaptor protein p62 [22] . However, most intracellular Listeria avoid this targeting system using an intracellular motility process stimulated by the bacterial ActA protein. ActA directly recruits the host Arp2/3 complex, which is important for bacterial motility. Without this ability to recruit these host proteins, Listeria becomes ubiquitinated, after which p62 and recruitment of LC3-positive membranes follows. Alternatively, Listeria has another virulence factor InlK that it also uses to avoid autophagy. InlK is a surface protein that recruits the major vault protein (MVP) to the surface of Listeria [40] . This recruitment of MVP also impedes the recruitment of p62 to Listeria by an unknown mechanism. Interestingly, InlK is poorly expressed in vitro, but highly expressed in vivo, suggesting that it is important for the infection process. These multiple independent mechanisms that Listeria and Shigella use for autophagy evasion suggests that this autophagy-bacteria interaction is a constantly evolving arms race. Over time, the cell has evolved a variety of different mechanisms to recognize and target bacteria for autophagic degradation. Successful intracellular bacteria have in turn evolved multiple mechanisms to evade autophagy to remain one step ahead of the host cell.
Bacterial inhibition of autophagy
Although a variety of bacterial mechanisms used for autophagy avoidance have been reported in the past decade, it was only recently that a mechanism for autophagy inhibition was demonstrated that involved the direct manipulation of the core machinery used for autophagosome formation. It was shown that infection of mammalian cells by the intracellular bacterium Legionella pneumophila results in a global block in host autophagy. Genetic analysis revealed that Legionella encodes a single effector protein called RavZ that is necessary and sufficient to disrupt the autophagy pathway [41] . After RavZ is delivered into mammalian cells by the Legionella Dot/Icm type IV secretion system, this effector targets pre-autophagosomal membranes and functions as a cysteine protease that specifically cleaves the C-terminal region of lipid-conjugated Atg8 proteins such as LC3 ( Figure 2B ). This cleavage occurs between the conserved C-terminal glycine and an adjacent aromatic amino acid found in all Atg8 family members. Cleavage results in an Atg8 product that is resistant to reconjugation to membranes because it lacks the reactive C-terminal glycine. Without Atg8 present on the surface of pre-autophagosomal membranes, these structures are unable to mature and develop into autophagosomes. Thus, Legionella is able to inhibit host autophagy through direct interaction with the host autophagic machinery. Interestingly, Legionella lacking RavZ do not have an intracellular growth defect despite being unable to inhibit autophagy [41] , which suggests these bacteria evade being targeted by the functional autophagy pathway, which would be similar to what is observed for Shigella and Listeria.
Bacterial subversion of autophagy In contrast to the bacteria that try to avoid autophagic elimination, certain bacteria embrace autophagy and exploit it to support creation of the specialize vacuole in which they replicate. Coxiella burnetii is an intracellular bacterium that traffics along the endosome-lysosome pathway, replicating in a low-pH environment [42] . The vacuole containing Coxiella begins to accumulate LC3 after uptake [43, 44] . Maintaining LC3 on the vacuole containing Coxiella appears to require bacterial protein synthesis because treatment of cells with the antibiotic chloramphenicol prevents LC3 association [45] (Figure 2C ). Because Coxiella requires a type IV secretion system to create the specialized lysosome-like vacuole that supports bacterial replication [46, 47] , it is likely that a secreted protein factor is stimulating the recruitment of host vesicles containing LC3 or perhaps LC3 directly to the vacuole. It is possible that LC3 on the Coxiella-containing vacuole (CCV) may be involved in the fusion of membranes that contribute to the generation of the CCV, similar to what has been observed for phagosome maturation stimulated by nonconventional autophagy [33] . Indeed, development of the mature CCV is hampered in cells when LC3 association is blocked [45] , which suggests that membrane transport via the autophagy pathway is critical for the biogenesis of the vacuole that supports replication of Coxiella. Thus, the ability of Coxiella seems to exploit autophagy to facilitate biogenesis of a lysosome-like organelle.
Brucella abortus is another intracellular bacterium that uses the autophagic machinery to create its replicative vacuole. Brucella is similar to Coxiella in that the Brucella containing vacuole (BCV) also traffics along the late endosome-lysosome pathway [48] . This is required for induction of a type IV secretion system in Brucella called VirB [49] . The BCV is converted into a vacuole with autophagic features late in the life cycle and this requires the autophagy initiation proteins unc-51-like kinase-1 (ULK-1), Beclin-1, and Atg14L [50] . This process is needed to complete the intracellular life cycle and promote Brucella cellto-cell spread. This provides another example for how a bacterium that tolerates a low-pH endosomal environment has evolved the ability to co-opt autophagy for host pathogenesis.
Concluding remarks
From these studies it is clear that autophagy can be an effective cell-autonomous immune response to eliminate intracellular bacteria. However, certain bacteria have evolved mechanisms to avoid autophagic elimination, and in some cases co-opt autophagy for their own replication. Emerging research suggests that the induction of autophagy as a treatment for certain infectious diseases can be an effective strategy both in vitro [51] and in vivo [52] . However, only a few pathogenic bacteria have been examined in detail, and it is unclear at the moment if this can be applied broadly to a variety of different bacteria. Understanding the relationship between specific bacteria and autophagy is important in determining which bacteria would be a suitable target for autophagic elimination. Furthermore, it is known that a variety of different stimuli can trigger antibacterial autophagy, such as IFN-g treatment [53] or TLR stimulation [54, 55] . It will be interesting to determine whether certain methods for autophagy activation are more effective at bacterial elimination than others.
Now that it has been discovered that bacteria have the ability to directly interfere with autophagy, it is important to try and unveil novel mechanisms for autophagy inhibition. Considering the variety of mechanisms that enable autophagy to respond to pathogens, it is likely that pathogens have multiple strategies for disrupting host autophagy that remain undiscovered. Understanding these mechanisms would allow for determining an effective approach for autophagy induction that would counteract bacterial evasion and inhibition of autophagy. Along these lines, it is also important to understand the role of different SLRs in xenophagy and determine if they are redundant or if they serve different functions. Could SLRs that would not be triggered by a certain pathogen under normal infection condition be induced pharmacologically during infection to promote xenophagy and host protection? This would be especially useful in cases where the bacteria have evolved mechanisms to persist intracellularly and sterilization is difficult to achieve using standard antibiotic treatments. In summary, there are more questions than answers at this moment in the field of autophagy-mediated clearance of bacterial pathogens (Box 1), which makes this an exciting area for future investigation. 
